Several aromatic amino acid residues and haem resonances in the fully reduced form of Desulfovibrio gigas cytochrome c3 are assigned, using two-dimensional 'H n.m.r., on the basis of the interactions between the protons of the aromatic amino acids and the haem protons as well as the intrahaem distances known from the X-ray structure [Kissinger (1989) 
INTRODUCTION
Cytochrome c3 from the sulphate-reducing bacterium Desulfovibrio gigas is a monomeric tetrahaem protein of low molecular mass (13.5 kDa) and low redox potential [1] . Each of the four haem prosthetic groups is covalently attached to a polypeptide chain of 112 amino acids by two thioether linkages provided by cysteine residues. The haem axial ligands are histidine residues.
The physiological role of cytochrome c3 in Desulfovibrio remains unclear. It appears to be the electron-exchange partner of the periplasmic hydrogenase found in Desulfovibrio species and an essential component of the electron-transfer chain coupling the oxidation of molecular hydrogen by hydrogenase to sulphate reduction [2, 3] .
Although cytochrome c3 has been found in all Desulfovibrio species examined so far, there is surprising variation in the amino acid sequences of protein from the different species. The sequences of six cytochrome c3 molecules have now been determined and a sequence alignment has been proposed [4] . This alignment indicates that, of the 107-116 residues in the molecule, only 24 are strictly conserved. Of these, 16 are cysteine or histidine residues directly involved in binding of the haems. Both the X-ray structures of cytochrome c3 from several species [5] [6] [7] [8] and n.m.r. data [9, 10] suggest that the relative orientation and arrangement of the four haems is conserved in spite of the low sequence similarity. There are aromatic residues close to the haems in all cytochrome c3 molecules. It is noteworthy that one phenylalanine is similarly located and conserved in all six cytochromes [4] . This phenylalanine [5, 7] is close to haems I and III in D. baculatus (Norway 4) (F34), D. vulgaris Miyazaki strain (F20) and D. gigas (F24), where the haems are numbered according to the Cys ligand positions in the amino acid sequences the observed chemical shifts strongly supports the present assignments. Observation of the two-dimensional nuclearOverhauser-enhancement spectra of the protein in the reduced, intermediate and fully oxidized stages led to the ordering of the haems in terms of their midpoint redox potentials and their identification in the X-ray structure. The first haem to oxidize is haem I, followed by haems II, III and IV, numbered according to the Cys ligand positions in the amino acid sequences [Mathews (1985) Prog. Biophys. Mol. Biol. 54, . Although the haem core architecture is the same for the different Desulfovibrio cytochromes c3, the order of redox potentials is different. [11] . While phenylalanine and tyrosine residues are present in all six cytochrome c3 molecules [4] , tryptophan is found only in D. gigas (W68), D. salexigens (W41) and D. desulfuricans (El Algheila z) (W41). The X-ray structure shows that, in D. gigas [7] , W68 is located close to the four haems, F12 close to the propionate groups of haems I and IV, Y46 close to haem I, and Y69 close to haem IV ( Figure 1 ). The location of the aromatic amino acids for the cytochromes c3 from D. gigas, D. vulgaris and D. baculatus are summarized in Table 1 .
The Fe2l ion in the reduced form of the protein is low-spin (electron spin quantum number S = 0) and the n.m.r. spectrum is that of a diamagnetic protein with a few resonances shifted by the strong ring currents of the porphyrins. In its oxidized form the Fe3+ ion has an electron spin quantum number S = 1/2, and the unpaired electron has a dramatic effect on the 'H-n.m.r. spectrum of the protein, owing to its hyperfine interaction with neighbouring nuclei.
The electron distribution in a four-centre molecule leads to 16 microscopic redox states [12] Haem numbering follows the Cys ligand positions in the amino acid sequence [11] . 4) of haem-haem co-operativities [1, 14] . The main purpose of the present work was to complete the assignment of the proton resonances of the four haems and of the aromatic amino acids of cytochrome c3 from D. gigas, in the reduced state, using two dimensional (2D) 'H n.m.r. in conjunction with the calculated ring currents and the interproton distances known from the Xray structure [7] . Eurotherm temperature controller and a Haake thermostatic bath.
The total-correlation-spectroscopy (TOCSY) (50 ms mixing time) experiment was performed using the MLEV spinlock sequence [17, 18] . The 2D nuclear-Overhauser-enhancementspectroscopy (NOESY) [19] experiments were performed at 50, 200 and 400 ms mixing time with the fully reduced protein, and with a mixing time of 25 ms for the protein in intermediate stages of oxidation.
Chemical shifts are presented in p.p.m. relative to 4,4-dimethyl-4-silapentane sodium sulphonate (DSS), but formate was used as an internal reference.
The ring-current shifts were calculated from the crystal structure of cytochrome c3 from D. gigas at a resolution of 0.25 nm [7] with the classical Johnson-Bovey model [20] using eight pairs of current loops to represent each haem, with the parameters obtained by Cross and Wright [21] . These shifts were corrected for the effect of the aromatic side chains [10] .
Computer-graphics models were manipulated in a Silicon Graphics workstation using the Sybyl software; X-ray coordinates for cytochrome c3 from D. gigas were kindly supplied by Dr. Larry C. Sieker [7] .
RESULTS AND DISCUSSION Resonance assignment in the reduced protein
Although the general features of the n.m.r. spectra of ferrocytochrome C3 from D. gigas have been discussed [22, 23] , the proton resonances of the four haems and of the aromatic amino acids have not been assigned specifically.
In the protein from D. vulgaris (Hildenborough), specific assignments for the four haems were obtained by comparing the observed chemical shifts with calculated values for the ring current shifts which arise from other haems and aromatic residues [10] . Observation of both interhaem n.O.e.s and connectivities between aromatic and haem protons confirmed these assignments. The shape, number and relative intensity of the peaks observed in the NOESY spectra (Figures 2a and 2b ) of ferrocytochrome c3 from D. gigas indicate that several of the haem proton resonances overlap (Table 2) , making the assignment more difficult. Thus a different strategy was followed in the n.m.r. studies of this protein, beginning with the identification of resonances whose assignment is obvious. The X-ray structure [7] shows that several of the aromatic amino acids of the protein are located quite close to the haems. In particular, W68 is close to protons of all four haems ( Figure 1 , and Tables 1 and 3) . Therefore all possible aromatic-amino-acid proton resonances were identified, and the expected W68-haem interactions [7] were used to make the assignments listed in M71 (11) M21 (11) M18' (11) M7' (IV) M121 (IV) M21 (1) Ml81 (1) M121 (11) M121 (1) t These numbers refer to peaks in Figure 2 . Because some of the resonances fall in crowded regions of the spectrum the meso-thioether, meso-methyl and meso-thioether methyl proton connectivities (numbered from 17 to 48) are labelled instead of the positions on the main diagonal. Figures  2a and 2b) , since the X-ray structure [7] shows that the only aromatic residue close to W68 in F12. In fact, the distances between H-7 of the W68 side chain and H- (Figure 2b) , and the relative intensities of the crosspeaks agree with the internuclear distances known from X-ray data [7] . The chemical shifts of the W68 and F12 protons are listed in Table 2 . A diagram of haem c is shown in Figure 1 of the preceding paper [32] , numbered according to the IUPAC-IUB nomenclature [25] . In the spectrum of the reduced protein ( Figure 2a ) the meso protons give rise to 16 one-proton intensity signals in the region of 8-11 p.p.m. The eight thioether proton peaks appear between 5 and 7 p.p.m.; 16 signals of three-proton intensity, corresponding to the haem methyl groups, are observed in the region 3-5 p.p.m., and the thioether methyl protons appear between 0.5 and 3 p.p.m. The interactions between each thioether proton and its vicinal thioether methyl proton are observable in a 50 ms TOCSY spectrum (results not shown). Table 3 lists the interactions between W68 and haem protons and compares the intensities of the cross-peaks observed at 50 ms (Figure 2a ), 200 ms (spectrum not shown) and 400 ms ( Figure  2b ) with the distances taken from the crystal structure [7] . Observation of the W68-haem proton-resonance connectivities leads directly to the specific cross-assignment of several signals to individual haems in the X-ray structure: meso protons H20, ( (Table 3) .
To identify the remaining resonances of each haem, the structure of haem c (Figure 1 of [32] ) must be considered. For example, in haem II, the assignment of H20 and M21 leads to that of M181 (3.24 p.p.m.) (Figure 2a) . The n.O.e. between M2' and meso proton H5 of the same haem is shown in Figure 2(b) . The short-range connectivities between H5 (9.32 p.p.m.) and H31, H5 and M32 become evident in Figure 2(a) . The spectra indicate that the chemical shift of M71 is 3.22 p.p.m., and consequently H1O resonates at 8.88 p.p.m. Indeed, although the connectivity between M71 and H1O is obscured by other resonances, the n.O.e.s between HIO and H81 and HlO and M82 are easy to identify (Figure 2a) , and the interactions between M71 and H81 and M71 and H31 are observable in both spectra (Figures 2a and 2b) . The meso proton at 9.41 p.p.m. is H15. In fact, it interacts with the propionate protons at 3.17-4.34 p.p.m. (Figure 2a) , and an n.O.e. is observed between H15 and M181. Only M121 remains to be assigned. Figure 2(b) shows an n.O.e. between H15 and a resonance at 3.15 p.p.m., which is, therefore, assigned to M121.
A similar approach was used for the specific assignment of the other haem protons. Table 2 lists all the resonances and their respective chemical shifts, and Table 4 lists the interhaem Table 4 IntensItIes of the Interhaem n.O.e.s versus the internuclear distances taken from the X-ray structure [7] The intensities are: S (strong), M (medium), W (weak), VW (very weak), 0 (obscured by other peaks) and -(not observable). Observed shifts (p.p.m.) Figure 3 Plot of the calculated ring-current shifts versus the observed chemical shifts (Table 2) for all the pmtons of the four haems of cytochrome CJ from D. gigas
The several protons are represented by the symbols: Haem (+-), Haem II (x ), Haem III (x) and Haem IV (E). The lines show the best fits with a unit slope for each set of protons. The calculated ring-current shifts were obtained as described in the Materials and methods section. The starting chemical shifts for all the haem protons, from which the shift deviations were obtained, were calculated in the same way, using the crystal structure and the observed chemical-shift data for cytochrome c [10] .
connections and compares the intensities of the cross-peaks observed at 50 ms (Figure 2a ), 200 ms (spectrum not shown) and 400 ms (Figure 2b) , with the distances taken from the crystal structure [7] . The ordering of the cross-peak intensities at each mixing time with respect to the internuclear distances is not monotonic as a result of variable spin-diffusion effects [26] . The interhaem n.O.e.s observed are in perfect agreement with the known three-dimensional structure [7] , confirming that the above assignments are correct and that the arrangement of the haems in solution and in the crystal structure is similar. A plot ofthe ring-current-shift deviations for the haem protons, calculated as described in Materials and methods section, versus the observed chemical shifts (see Table 2 ) is shown in Figure 3 . The values of the shifts in the absence of any ring-current contribution (meso 9.36 p.p.m., thioether 6.13 p.p.m., methyl 3.48 p.p.m. and thioether methyl protons 2.12 p.p.m.) were obtained by correcting the observed shifts in the horse cytochrome c spectrum [10] . The graph shows a good correlation, which strongly supports the previous assignment. Indeed, the calculation predicts that the meso proton with the largest downfield shift is H20111, which agrees with the experimental data in the sense that this meso proton is connected through n. In earlier work, several of the haem-methyl-group resonances were monitored through the different oxidation stages using several series of selective one-dimensional saturation-transfer experiments at different solution redox potentials [1] . The selective irradiation required for one-dimensional saturation-transfer experiments is difficult to achieve in crowded regions of the spectrum, but that selectivity is not necessary in 2D 1H n.m.r., and a single experiment provides the information of many saturation-transfer experiments [27] [28] [29] .
With the assignment of the haem proton resonances of ferrocytochrome c3 from D. gigas completed, observation of intermediate stages of oxidation allows the ordering of the haems in terms oftheir midpoint redox potentials and their identification in the X-ray structure Recently, the four haems of D. vulgaris (Hildenborough) cytochrome c3 were cross-assigned according to their redox potentials in this way [28] . Each individual haem resonance in an intermediate stage of oxidation is cross-assigned to its position in lower stages of oxidation and finally to the fully reduced stage. The result is a self-consistent network of crosspeaks leading to the unambiguous assignment of each haem group in the crystal structure. The NOESY data for cytochrome c8 from D. gigas in a solution poised at a redox potential at which oxidation stages 0-3 co-exist are shown in Figure 4 . The peaks corresponding to three methyl groups belonging to three different haems are indicated. To minimize contributions from extrinsic paramagnetic shifts (the result ofinterhaem pseudocontact shifts [1] ), the-methyl groups chosen point towards the protein surface and are, therefore, far from the other haems. According to the X-ray data [7] , both these methyls also point towards the protein surface. Table 5 also shows the degrees of oxidation calculated for each haem from the ratio of the paramagnetic shifts of the methyl groups at each stage to their total shifts in the fully oxidized protein. These results are in agreement with earlier work [1, 30] , and it is now possible unequivocally to cross-assign the previously calculated midpoint redox potentials to the individual haems in the structure (Table 5) . Haem I has the most negative redox potential (-340 mV), followed by haems II (-285 mV), III (-280 mV) and IV (-205 mV) [30] .
Conclusions
The agreement between the n.m.r. (the present study) and the crystallographic data [7] shows that the above assignment is correct and that the arrangement of the haems in solution and in the crystal structure is similar. Recent n.m.r. studies of cytochromes c3 from D. vulgaris (Hildenborough) [9] and D. baculatus (Norway 4) [10] and X-ray data for D. gigas [6] and D. vulgaris [7] show that the arrangement and orientation of the haems is maintained in all these proteins. The pattern of n.O.e.s observed between protons belonging to different haems are identical for cytochrome c3 molecules which differ as much as 70% in their primary sequence. It is remarkable how such relatively small molecules stabilize the four paramagnetic centres, maintaining a similar basic architecture.
However, these cytochromes c3 differ in the order of redox potentials [28, 31] . 2D 'H-n.m.r. redox studies on cytochrome c3 from D. vulgaris (Hildenborough) show that the first haem to oxidize is haem III, followed by haems II, I and IV [28] , and the assignment of the midpoint redox potentials of D. baculatus (Norway 4) using e.p.r. spectroscopy of single crystals indicates that haem II oxidizes first, followed by haems I, IV and III [31] . The e.p.r. results of D. baculatus (Norway 4) are compatible with the cross-assignment obtained by n.m.r. studies (the preceding paper [32] ). Studies on the influence of the polypeptide chain in controlling the observed differences, as well as their mechanistic implications, are now in progress.
